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Organic solar cells with graded absorber layers
processed from nanoparticle dispersions
Stefan Gärtner,†a Stefan Reich,†a Michael Bruns,b Jens Czolka and
Alexander Colsmann*a
The fabrication of organic solar cells with advanced multi-layer architectures from solution is often
limited by the choice of solvents since most organic semiconductors dissolve in the same aromatic
agents. In this work, we investigate multi-pass deposition of organic semiconductors from eco-friendly
ethanol dispersion. Once applied, the nanoparticles are insoluble in the deposition agent, allowing for the
application of further nanoparticulate layers and hence for building poly(3-hexylthiophene-2,5-diyl):
indene-C60 bisadduct absorber layers with vertically graded polymer and conversely graded fullerene
concentration. Upon thermal annealing, we observe some degrees of polymer/fullerene interdiﬀusion by
means of X-ray photoelectron spectroscopy and Kelvin probe force microscopy. Replacing the common
bulk-heterojunction by such a graded photo-active layer yields an enhanced ﬁll factor of the solar cell
due to an improved charge carrier extraction, and consequently an overall power conversion eﬃciency
beyond 4%. Wet processing of such advanced device architectures paves the way for a versatile, eco-
friendly and industrially feasible future fabrication of organic solar cells with advanced multi-layer
architectures.
Introduction
As the field progresses and organic photovoltaics advance
towards market-readiness, the deposition of functional layers
by industrial printing or coating techniques comes into play.1,2
Pivotal to the transfer strategy from lab to fab is the replace-
ment of the commonly used toxic or chlorinated lab-solvents
with eco-compatible agents.3–7 The quest for eco-compatible
solvents turned out to be very challenging since many organic
materials do not dissolve in non-chlorinated aromatic hydro-
carbons or exhibit very diﬀerent processing properties. A prom-
ising approach to circumvent all issues arising from the
deposition of organic bulk-heterojunctions (BHJs) from toxic
solvents is the use of organic nanoparticle dispersions in water
or alcohol.8–10 Two synthetic routes to organic nanoparticles
have been discussed in the literature: utilizing surfactants,
organic nanoparticles can be synthesized in miniemulsions.11
However, organic solar cells deposited from these aqueous dis-
persions do not yield high power conversion eﬃciencies
(PCEs), which may be attributed to the surfactants remaining
within the active layer where they hamper the photovoltaic per-
formance. Alternatively, nanoparticles from poly(3-hexylthio-
phene-2,5-diyl) (P3HT) and indene-C60 bisadduct (ICBA) can
be precipitated in alcohol omitting any surfactants, thereby
enabling organic solar cells with PCEs of 4%, almost matching
the performance of organic solar cells deposited from chlori-
nated solvents.12,13
In this work, we demonstrate that, besides eco-friendly pro-
cessing, future device fabrication may benefit from another
unique feature of polymer:fullerene nanoparticles: layers that
have been applied from nanoparticle dispersions are insoluble
in the deposition agent, enabling the sequential deposition of
the same material from the same agent and hence the fabrica-
tion of advanced multi-layer device architectures. It is known
from vacuum processed devices that graded absorber layers,
i.e., an increase of the donor concentration in BHJs towards
the anode and an increase of the acceptor concentration
towards the cathode, lead to enhanced charge carrier transport
to the electrodes and hence improved solar cell perform-
ance.14,15 With multi-layer deposition from solution being very
challenging, lamination processes were reported as work-
around for the fabrication of graded absorber layers.16
In this work, we exploit the unique processing properties of
organic nanoparticle dispersions towards stepwise wet proces-
sing of graded BHJs without relying on complex lamination
processes or hardly controllable vertical phase separation in
photo-active layers deposited from blend solutions.17†These authors contributed equally to this work.
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Results and discussion
Device architectures
All solar cells were fabricated according to the device architec-
tures A–C that are depicted in Fig. 1. The samples were ther-
mally annealed at 150 °C for 10 min after photo-active layer
deposition in order to establish close contact of the nano-
particles and hence to improve charge carrier extraction as
reported in the literature before.12
Configuration A is a reference solar cell with an inverted
device architecture that comprises an indium tin oxide/zinc
oxide (ITO/ZnO) bottom cathode, a nanoparticulate P3HT:
ICBA BHJ photo-active layer that was deposited from ethanol
(EtOH) dispersion, and a poly(3,4-ethylenedioxythiophene):
poly(styrenesulfonate)/silver (PEDOT:PSS/Ag) top anode. By
applying P3HT on top of the nanoparticulate P3HT:ICBA layer
in configuration B, again from dispersion in the non-solvent
EtOH, thereby avoiding dissolution of the P3HT:ICBA layer
below, we changed the vertical distribution of diﬀerent nano-
particles throughout the layer leading to a grading of the
polymer:fullerene concentration. In configuration C, we
additionally deposited an ICBA layer under the nanoparticu-
late P3HT:ICBA layer in order to introduce another grading
step. Since ICBA alone does not form stable nanoparticles in
the precipitation process, we deliberately deposited the ICBA
layer from o-dichlorobenzene solution. To ensure better com-
parability of the devices, the layer thicknesses in all configur-
ations were chosen to maintain the absorption strength by
using the same amount (mass) of photo-active P3HT, neglect-
ing fullerene absorption and thin-film interference. Due to the
fullerene deficiency in the neat P3HT nanoparticles, the com-
bined thickness of the P3HT:ICBA/P3HT nanoparticulate layer
is lower in configuration B (h = 174 nm) than in the reference
configuration A (h = 196 nm). In configuration C, the thickness
of the neat ICBA layer was chosen to compensate for the fuller-
ene deficiency in the neat P3HT nanoparticles, which leads to
the same combined layer thicknesses in configurations A and
C. Fig. 2 depicts the total absorption of all devices measured
in reflection geometry. By multiplying the absorption with the
AM1.5 solar photon flux in the relevant absorption regime
between 325 nm and 650 nm and calculating the overall
number of absorbed photons, we verified that the devices A, B
and C indeed do harvest the same number of photons within a
maximum deviation of 2%.
Vertical material distribution
In order to investigate the vertical material distribution within
the photo-active layer, we studied the proxy devices (i) and (ii)
depicted in Fig. 3. Sample (i) employs a thermally annealed
(150 °C, 10 min) nanoparticulate P3HT:ICBA photo-active layer
(150 nm), whereas sample (ii) comprises an additional ther-
Fig. 1 Device architectures: (a) Reference device comprising a ITO/ZnO bottom cathode and a PEDOT:PSS/Ag top anode as well as a nanoparticu-
late P3HT:ICBA absorber layer. (b) Neat P3HT nanoparticles were introduced between the absorber layer and the PEDOT:PSS layer. The nanoparticu-
late P3HT top layer is not closed with its thickness of 15 nm representing the average layer thickness. The thickness of the entire absorber layer was
reduced to match the overall amount of P3HT in conﬁguration A. (c) A 15 nm nanoparticulate P3HT and a 20 nm ICBA interlayer were introduced.
The overall amount of P3HT and ICBA approximately matches the reference device. (d) The vertical composition of the P3HT:ICBA layer was varied
by subsequent deposition of nanoparticles with diﬀerent mixing ratios (1 : 3, 1 : 1, neat P3HT).
Fig. 2 Absorption spectra calculated from total reﬂectance measure-
ments of the devices A, B, C and D. The short-wavelength modulations
of the spectra originate from thin-ﬁlm interferences due to diﬀerent
layer thicknesses. The total numbers of absorbed photons were calcu-
lated by multiplying the absorption (1 – reﬂectance) with the AM1.5
photon ﬂux and integration between 325 and 650 nm. By design, all
devices show about equal photon harvesting properties.
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mally annealed (150 °C, 10 min) neat P3HT layer with a
nominal thickness of 15 nm on top, the latter being also de-
posited from nanoparticle dispersion. We note that the neat
P3HT nanoparticles did not form a closed layer which is
reflected in the nominal layer thickness being smaller than
the nanoparticle size. To mimic the conditions in solar cells,
the photo-active layers were deposited atop an ITO/ZnO elec-
trode. However, we omitted the top electrode to have access to
the BHJ.
We recorded X-Ray Photoelectron Spectroscopy (XPS)
sputter depth profiles of both samples using an Ar+ ion beam
at 3 keV. Fig. 3 shows the sulfur S 2p signal of the C-S groups
at 163.5 eV18 throughout a typical nanoparticulate P3HT:ICBA
layer (sample (i), dotted line) and the nanoparticulate P3HT:
ICBA/P3HT bilayer (sample (ii), solid line) versus sputter time.
The decay of the S 2p signal of sample (ii) is shifted to later
sputter times, reflecting an overall thicker P3HT:ICBA/P3HT
bilayer as compared to the P3HT:ICBA absorber in the refer-
ence sample (i). More importantly, we found a significant
increase of the S 2p signal intensity on sample (ii) at early
sputter times which can be attributed to a P3HT rich top layer
as intended by the sequential deposition of P3HT:ICBA and
P3HT.
Whereas XPS is a helpful tool to monitor P3HT, it does not
readily allow for monitoring fullerenes. It has been observed in
earlier publications that fullerenes can migrate within P3HT:
fullerene BHJs upon annealing and hence may change the ver-
tical composition of BHJs.19,20 In order to probe the nominally
fullerene-free P3HT top layer for ICBA molecules, that may
have diﬀused from the P3HT:ICBA layer below, we performed
Kelvin Probe Force Microscopy (KPFM) imaging on a typical
proxy sample (ii) (see Fig. 3 inset) before and after sample
annealing (150 °C, 10 min). Fig. 4a and b show the respective
film topography and the contact potential diﬀerence (CPD)
Fig. 3 XPS sputter depth proﬁles showing the sulfur S 2p signal inten-
sity for C–S groups at 163.5 eV throughout a nanoparticulate P3HT:ICBA
layer without (dotted line) and with (solid line) an additional nanoparti-
culate P3HT top layer. We note that the sputter time cannot be trans-
lated directly to the sputter depth due to diﬀerent ablation speeds for
diﬀerent material compositions.
Fig. 4 (a) 5 µm × 5 µm topography and (b) KPFM image of P3HT nanoparticles applied atop P3HT:ICBA nanoparticles directly after deposition. (c)
CPD histogram generated from (b). (d) Topography and (e) KPFM image of the same sample after annealing at 150 °C for 10 min. The contrast
between the P3HT nanoparticles and the underlying P3HT:ICBA layer is signiﬁcantly reduced. (f ) CPD histogram generated from (e).
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between the Pt/Ir coated KPFM tip and the as-deposited P3HT
nanoparticles atop a thermally annealed (150 °C, 10 min)
nanoparticulate P3HT:ICBA BHJ, respectively. In both images,
P3HT nanoparticles are clearly visible exhibiting a surface
roughness Rq = 18 nm and an average ΔCPD = 340 ± 90 mV
between the P3HT nanoparticles and the nanoparticulate
P3HT:ICBA surface below. ΔCPD was calculated from the dis-
tance of the two main peaks in the KPFM image histogram in
Fig. 4c. The high ΔCPD allows to distinguish between the
P3HT nanoparticles and the underlying P3HT:ICBA layer, the
latter having a higher work-function (bright areas in Fig. 4b).
We note that the topography can cross-talk to the KPFM
signal. However, for P3HT nanoparticles on plain P3HT we
measured a ΔCPD of about 30 ± 60 mV only (data not shown
here), which is much lower than the ΔCPDs measured
between the P3HT nanoparticles and the nanoparticulate
P3HT:ICBA surface. Hence, cross-talk from the topography
signal to the KPFM signal cannot explain the high ΔCPD
observed here.
As depicted in Fig. 4d and e, thermal annealing after P3HT
nanoparticle deposition leads to smearing out of both the
topography and the CPD signal due to deformation of the
nanoparticles and flattening of the layer by filling the voids,
the latter being reflected in the somewhat lower surface rough-
ness Rq = 13 nm. Most importantly, the ΔCPD between the
P3HT nanoparticles and the nanoparticulate P3HT:ICBA
surface significantly drops to 85 ± 55 mV, with the two main
peaks of the histogram merging (Fig. 4f). We attribute this
ΔCPD drop to ICBA diﬀusion from the underlying nanoparti-
culate P3HT:ICBA layer into the nanoparticulate P3HT top
layer as it was observed for P3HT:fullerene BHJs upon anneal-
ing in earlier publications for layers deposited from solu-
tion.19,20 However, with the average ΔCPD of the annealed
sample being larger than the typical topography cross-talk, we
conclude that the top layer after annealing is still P3HT rich.
Taking into account the change of ΔCPD upon annealing
and the sulfur XPS sputter depth profiles of the proxy devices,
we conclude converse vertical polymer and fullerene gradients
within the photo-active layers of type B and C solar cells, with
a P3HT rich top layer.
Optoelectronic device properties
After probing the vertical material distribution in multi-layer
architectures deposited from nanoparticle dispersions, we
investigated its impact on the optoelectronic properties of
photovoltaic devices. The current density–voltage ( J–V) curves
of the solar cells are depicted in Fig. 5. Their key performance
data – open circuit voltage (Voc), short-circuit current density
( Jsc), fill factor (FF) and the PCE are summarized in Table 1.
Configuration A reference devices exhibit Jsc = 9.6 mA cm
−2,
Voc = 797 mV, FF = 48%, altogether yielding a PCE = 3.7%. We
note that any deviations of the processing parameters (see the
Methods section) or the key performance parameters from
earlier reports may originate from batch-to-batch variations of
P3HT. Upon introducing P3HT nanoparticles below the anode
(configuration B), Voc improves slightly to 808 mV whereas
Jsc remains unchanged. The PCE improves to 4.2% which
reflects the better FF = 53%. An additional ICBA interlayer in
configuration C further enhances the Voc to 834 mV. The
improvement of the Voc in comparison with the reference
device A may indicate a reduced charge carrier recombination,
due to the blocking of opposite charges by the interlayers at
the electrodes.21 In general, the fill factor reflects the field
dependence of the photo current density, which is ruled by
charge carrier recombination and extraction.22 In order to
study the charge carrier recombination processes in devices A,
B and C, we performed light-intensity dependent photo-
current measurements, utilizing neutral density (ND) filters
between the solar simulator and the samples. As depicted in
Fig. 6a, for all three device configurations A, B and C, we find
a similar Jsc ∼ Iα (α ≈ 0.95) dependence of the short-circuit
current density on the illumination intensity I. With α being
close to unity, we conclude predominant monomolecular
Fig. 5 J–V curves of the nanoparticulate solar cells with and without
additional nanoparticulate P3HT or ICBA layers. The introduction of a
vertically graded material distribution leads to an enhanced open-circuit
voltage (Voc) and ﬁll factor (FF).
Table 1 Key performance parameters of the nanoparticulate solar cells, averaged over at least 8 devices. h represents the active layer thickness
including the thickness of the neat ICBA or nanoparticulate P3HT layers
Absorber layer configuration h (nm) Jsc (mA cm
−2) Voc (mV) FF (%) PCE (%)
A: P3HT:ICBA 196 ± 4 9.6 ± 0.1 797 ± 1 48 ± 1 3.7 ± 0.1
B: P3HT:ICBA/P3HT 174 ± 3 9.8 ± 0.1 808 ± 2 53 ± 1 4.2 ± 0.1
C: ICBA/P3HT:ICBA/P3HT 200 ± 4 9.0 ± 0.1 834 ± 2 55 ± 1 4.2 ± 0.1
D: P3HT:ICBA (1 : 3)/P3HT:ICBA (1 : 1)/P3HT 149 ± 12 8.5 ± 0.1 814 ± 5 56 ± 1 3.9 ± 0.1
Paper Nanoscale






















































































recombination, negligible bimolecular recombination and
hence good extraction of free charge carriers at a high internal
field in devices A–C, being well in accordance with the pro-
perties of BHJs processed from a blend solution.23 When
moving to lower internal fields, e.g., at the maximum power
point (MPP), the influence of bimolecular recombination
increases. Accordingly, we attribute the higher FFs and the
higher current densities at MPP ( JMPP) of configuration B and
C devices to lower bimolecular recombination losses at a low
internal field and thus to improved charge carrier extraction
via enhanced percolation pathways: due to the P3HT-rich layer
below the anode, hole percolation to the anode is improved.
Likewise, the ICBA layer improves electron percolation to the
cathode. At the same time, the extraction of oppositely
charged carriers is suppressed.
Further insight into the origin of the FF can be gained from
the dependence of the FF on the illumination intensity in
Fig. 6b. At an illumination intensity I = 400 W m−2, all devices
show a similar FF. Towards higher illumination intensities,
and hence towards higher concentrations of (photo-generated)
charge carriers, the FF drops due to the increased bimolecular
recombination, with the eﬀect being less pronounced for the
configurations B and C that feature P3HT or P3HT and ICBA
layers. Due to the improved charge carrier extraction in devices
B and C, the influence of an increase in bimolecular recombi-
nation is lower, leading to a less significant drop of the FF at
higher illumination intensities. At very low illumination inten-
sities, the FF drops as known from calculations using the
modified equivalent circuit model.24
Graded polymer/fullerene mixing ratios
P3HT gradients and converse ICBA gradients can also be intro-
duced by synthesizing and depositing P3HT:ICBA nano-
particles with diﬀerent mixing ratios. Therefore, we
sequentially applied P3HT:ICBA (1 : 3) nanoparticles, P3HT:
ICBA (1 : 1) nanoparticles and neat P3HT nanoparticles atop
the ITO/ZnO cathode according to the device architecture D
depicted in Fig. 1.
The corresponding J–V curve is depicted in Fig. 5 and the
key performance parameters are summarized in Table 1.
Again, we observed an enhanced Voc = 814 mV and FF = 56%
versus the reference device configuration A. The Jsc =
8.5 mA cm−2 is reduced by about 11% in configuration D
which we attribute to the lower total thickness h = 149 nm of
the photo-active layer, being well in accordance with about 7%
reduced total device absorption (Fig. 2). Still, the PCE yields
3.9% thereby outperforming device A. In the light-intensity
dependent Jsc measurements in Fig. 6a, we find α = 0.9 which
is close to configurations A–C indicating similar recombina-
tion processes within the active layer under Jsc conditions. As
the graded absorber structure provides optimized charge
carrier percolation via increasing domain sizes to the respect-
ive electrodes, the blocking eﬀect of oppositely charged car-
riers towards the wrong electrode is optimal. Accordingly, we
did not observe any significant dependence of the FF versus
the illumination intensity between I = 250 W m−2 and I = 1000
W m−2 (Fig. 6b).
Conclusions
Besides eco-friendly processing, organic BHJ nanoparticle dis-
persions allow the fabrication of multi-layers and, in particu-
lar, graded photo-active layers in organic solar cells. The latter
device architecture provides enhanced percolation paths for
photo-generated charge carriers to the respective electrodes as
concluded from the recombination regimes investigated by
illumination intensity dependent photocurrent and fill factor
measurements. In contrast to state-of-the-art solution proces-
sing, these multi-layer architectures become feasible due to
the unique processing properties of polymer:fullerene nano-
particles, not being soluble in processing agents after layer
deposition. With the concept of multi-layer deposition from
organic nanoparticle dispersions being readily transferable to
Fig. 6 Illumination dependent measurements of (a) the short circuit
current density (Jsc) and (b) the ﬁll factor (FF). Jsc vs. illumination inten-
sity yields similar α for all architectures, whereas the FF decrease is less
pronounced for graded absorber layers under higher illumination inten-
sities. For reasons of clarity, we show the data of one typical device out
of four, thereby accepting minor diﬀerences to the average data in
Table 1 under one sun illumination.
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other device architectures and other organic optoelectronic
devices, it may well be a versatile tool for future eco-friendly
printing of advanced organic optoelectronic devices.
Methods
Nanoparticle synthesis
Organic nanoparticles were precipitated from poly(3-hexylthio-
phene-2,5-diyl) (P3HT, Rieke Metals, MW = 57 000 g mol
−1,
ĐM = 2.4, RR = 91%) and indene-C60 bisadduct (ICBA, Lumtec)
solution without using surfactants.12 Therefore, neat P3HT or
mixtures of P3HT and ICBA were dissolved in chloroform
(CHCl3) in diﬀerent weight ratios (1 : 0.8, 1 : 1 and 1 : 3 w/w).
The solutions were added constantly to the non-solvent
ethanol (EtOH) under vigorous stirring. After precipitation,
CHCl3 was evaporated without stirring. Then the non-solvent
phase was reduced to yield particle concentrations of
2.5–10 mg mL−1 and particle sizes of 80–110 nm as deter-
mined by dynamic light scattering (DLS).
Device fabrication
Organic solar cells were fabricated according to the device
architecture depicted in Fig. 1 on patterned, indium tin oxide
(ITO) coated glass substrates that were cleaned by subsequent
ultrasonication in acetone and isopropanol (10 min) before
exposing them to an oxygen plasma in order to remove organic
residues from the ITO surface (2 min). All subsequent device
fabrication steps were carried out under a N2 atmosphere. A
zinc oxide (ZnO) nanoparticle dispersion (Nanograde Ltd, N-10,
2.5 wt% in isopropanol) was diluted with isopropanol to yield a
concentration of 1 wt%, spin cast (4000 rpm, 30 s, 20 nm) and
then thermally annealed (150 °C, 10 min). The active layer was
deposited by iterative spin coating of diﬀerent nanoparticle dis-
persions on a rotating substrate (1000 rpm). For reference
devices, configuration A, P3HT:ICBA (1 : 1) was spin cast four
times from dispersion (3 × 10 mg mL−1, 1 × 5 mg mL−1). For
configuration B, a P3HT:ICBA dispersion (1 : 1, 10 mg mL−1)
was spin cast three times followed by a neat P3HT dispersion
(2.5 mg mL−1). For configuration C, ICBA was spin cast from
1,2-dichlorobenzene (20 mg mL−1, 2000 rpm, 30 s, 20 nm) and
thermally annealed (80 °C, 5 min) before depositing the layer
sequence used for configuration B. The active layer of configur-
ation D was deposited by spin coating a P3HT:ICBA dispersion
(1 : 3, 5 mg mL−1) twice, a P3HT:ICBA dispersion (1 : 1, 10 mg
mL−1) twice and a neat P3HT dispersion (5 mg mL−1) once.
The samples were annealed on a hotplate (150 °C, 10 min).
Poly(3,4-ethylenedioxythiophene):polystyrene sulfonate
(PEDOT:PSS, HTL Solar, Heraeus) was water-diluted (1 : 1 v/v)
and then spin coated (500 rpm, 5 s; 2000 rpm, 30 s; 35 nm) on
top. The samples were annealed on a hotplate (120 °C, 10 min).
The silver (Ag, ca. 100 nm) top electrode was thermally evapor-
ated (10−6 mbar) using a shadow mask to define the active area
of the solar cells (3 × 3.5 mm2).
For Atomic Force Microscopy (AFM), Kelvin Probe Force
Microscopy (KPFM) and X-Ray Photoelectron Spectroscopy
(XPS) sputter depth profile measurements, proxy devices were
fabricated on glass substrates coated with unpatterned ITO,
that were cleaned by subsequent ultrasonication in acetone
and isopropanol before (10 min). ZnO was deposited as
described above. The P3HT:ICBA dispersion (1 : 0.8, 5 mg
mL−1) was spin cast six times, and the samples were annealed
on a hotplate (150 °C, 10 min) before a neat P3HT dispersion
(5 mg mL−1) was spin cast atop. KPFM measurements were
performed before and after annealing (150 °C, 10 min). XPS
sputter depth profiles were recorded on this sample (sample
(ii) in Fig. 3) and on a reference sample (sample (i) in Fig. 3),
the latter exhibiting only the P3HT:ICBA layer (1 : 0.8, 5 mg
mL−1 dispersion, spin cast six times).
Characterization
UV/Vis reflectance spectra of all devices (configurations A–D)
were recorded at room temperature with an Agilent Cary 5000
spectrophotometer equipped with a 150 mm diameter integrat-
ing sphere.
AFM and single-pass FM-KPFM (Frequency Modulation)
images were recorded in tapping mode on a Bruker Dimension
ICON utilizing an Ir/Pt coated FMV-PT tip, with the contact
potential diﬀerence CPD = Φtip − Φsample and Φ < 0.
XPS measurements were performed using a K-Alpha+ XPS
instrument (Thermo Fisher Scientific, East Grinstead, UK).
Data acquisition and processing using the Thermo Avantage
software is described elsewhere.25 All samples were analyzed
using a microfocused, monochromated Al Kα X-ray source
(30–400 µm spot size). The analyzer transmission function,
Scofield sensitivity factors,26 and eﬀective attenuation lengths
(EALs) for photoelectrons were applied for quantification.
EALs were calculated using the standard TPP-2M formalism.27
All spectra were referenced to the C1s peak of hydrocarbon at
285.0 eV binding energy, controlled by means of the well-
known photoelectron peaks of metallic Cu, Ag, and Au. Sputter
depth profiles were performed using a raster scanned Ar+ ion
beam (2 × 4 mm2) at 3 keV and 30° angle of incidence.
Current density–voltage ( J–V) curves were recorded with a
Keithley 238 source-meter under illumination by using a spec-
trally monitored Oriel solar simulator (300 W, 1000 W m−2,
AM 1.5). The sample edges were masked to avoid an overesti-
mation of the photo-current by light-incoupling from the
sample edges. For the intensity dependent measurements, a
set of 6 neutral density filters (ND 0.1, 0.2, 0.3, 0.4, 0.6 and
1.0) was used.
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